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Alongside the best-known applications of brain-computer interface (BCI) technology for restoring communication abilities and
controlling external devices, we present the state of the art of BCI use for cognitive assessment and training purposes. We first
describe some preliminary attempts to develop verbal-motor free BCI-based tests for evaluating specific or multiple cognitive
domains in patients with Amyotrophic Lateral Sclerosis, disorders of consciousness, and other neurological diseases. Then we
present the more heterogeneous and advanced field of BCI-based cognitive training, which has its roots in the context of
neurofeedback therapy and addresses patients with neurological developmental disorders (autism spectrum disorder and attention-
deficit/hyperactivity disorder), stroke patients, and elderly subjects. We discuss some advantages of BCI for both assessment and
training purposes, the former concerning the possibility of longitudinally and reliably evaluating cognitive functions in patients
with severe motor disabilities, the latter regarding the possibility of enhancing patients’ motivation and engagement for improving

neural plasticity. Finally, we discuss some present and future challenges in the BCI use for the described purposes.

1. Introduction

BCIs have been studied with the primary motivation of
providing assistive technologies for people with severe motor
disabilities, particularly locked-in syndrome (LIS) caused
by neurodegenerative disease such as Amyotrophic Lateral
Sclerosis (ALS) or by stroke [1]. Such approach involves the
use of suitable cortical signals as input to control external
devices or for Augmentative and Alternative Communication
purposes in patients suffering from central nervous system
injury. BCI has been studied for more than 25 years and has
been extensively validated, even if with still heterogeneous
results according to both the method employed and the

populations involved [2, 3]. A review of BCI studies is not
within the objective of the present work [4].

A newly emerging field of research concerns the use of
BClIs to enhance motor and cognitive recovery within neu-
rorehabilitation settings. In fact, most of common rehabil-
itation tools require a minimal level of motor control to
perform the therapeutic tasks; therefore, patients with severe
motor deficits are not allowed to accomplish traditional reha-
bilitation training. Some recent reviews have presented and
discussed main advances in the use of BCIs for rehabilitation
purposes [5-7]. A further work has discussed the current
status of BCI as a rehabilitation strategy in stroke patients
[8]. In addition to the use of BCI to restore motor function


https://doi.org/10.1155/2017/1695290

or provide feedback to patients (i.e., during motor imagery),
the authors underlie further advantages of brain activation
monitoring during rehabilitation, in particular, the possibility
of monitoring the global level of attention concerning the task
and the level of interhemispheric balance.

Within the neurorehabilitation setting, the assessment
and training of cognitive impairments represent a more in-
novative and less explored area. The evaluation of cognitive
abilities in patients at advanced stages of paralysis represents a
challenge, since standard assessment tools for both verbal
and nonverbal cognitive abilities typically involve a motor
response. In ALS, evidence suggests the need for some
task modifications in order to make the standard neuro-
psychological assessment suitable for patients with verbal
and motor impairment [9]. Also the Edinburgh Cognitive
and Behavioural ALS Screen (ECAS), recently designed by
Abrahams and colleagues [10] for ALS patients, cannot be
performed in moderate-severe stages of the disease. Besides,
even tests relying on some form of rudimentary motor
function such as blinking, nodding, or pointing [11] are not
administrable to totally locked-in patients where even the
presence of minimal motor functions could be prevented.

Recently, some attempts have been made in order to
obtain verbal-motor free indicators of executive functions
changes in ALS. In particular, event-related potentials (ERP)
have been employed to assess cognitive dysfunctions with
minimal motor demands [12-14]. Such approach, even if
valuable, provides quantitative and qualitative data not com-
parable with scores obtained from standard cognitive testing,
therefore not allowing a reliable and longitudinal evaluation
of neuropsychological functions.

The evaluation of cognitive capacities in patients with
severe motor disabilities has also relevant implication for
BCI systems usability aspects. Among the physiological and
psychological factors that influence or affect BCI use, several
studies have showed an effect of both general mental load
and more specific cognitive functions on BCI performance.
For example, the P300 ERP signals, employed in the fre-
quently adopted P300 BCI systems, depend on attention and
working memory processes; in such approach, reduced level
of attention or higher levels of working memory load are
associated with lower amplitudes and prolonged latencies
[15]. Recent studies confirmed the role of working memory;,
together with general intelligence [16] and attention [17], on
P300 BCI performance. Some approaches have attempted to
manage such aspects by employing different interfaces [18]
or stimulation modes [19], in order to reduce mental load. In
addition to the need for technical adaptations, the described
findings suggest the potential benefit of working memory
training to improve BCI usability and performance.

The use of BCIs for cognitive training is another emerging
field of study within neurorehabilitation settings and could
improve both patients’ clinical conditions and BCIs’ usability.
In particular, the possibility of enhancing neural plasticity by
providing real-time feedbacks in an engaging setting could
improve the treatment efficacy and transferability to real-life
contexts.

We present the current state of art about BCI applications
addressing cognitive aspects, with regard to approaches
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targeting both assessment and rehabilitation of cognitive
functions. As below described, such approaches involve pa-
tients with severe motor deficits, in order to overcome verbal-
motor limitations, together with other clinical populations
without physical disability, according to the advantages pro-
vided by the use of BCI with respect to traditional cognitive
training methods.

2. Material and Methods

Between January and February 2017 we performed a search
on the PubMed, Web of Science, and Scopus databases. We
searched the terms “BCI” or “brain-computer interface” or
“brain machine interface” in combination with the following
terms: “neurofeedback,” “cognitive,” “rehabilitation,” “train-
ing,” “assessment,” and “neuropsychological.” Other defi-
nitions of BCI (i.e., Mind-Machine Interface (MMI)) were
included; however no relevant results were obtained, accord-
ing to the topic of the present review. We searched the ref-
erence list of retrieved papers to identify additional relevant
articles. Only studies in English were considered for the
present systematic review. Other reviews of literature dealing
with the topic of our work have been considered within this
work. A total number of 1701 items have been found with
PubMed, 2950 items with Web of Science, and 3977 items
with Scopus.

Studies where NF was described without referring to a
BCI system were excluded. Moreover, studies were cogni-
tive tasks/abilities were included in the BCI protocols with
aims other than assessment or rehabilitation of cognitive
abilities (i.e., monitoring of cognitive state during motor
rehabilitation, means to perform motor tasks; study of brain
functions not aimed at clinical purposes) were not consid-
ered.

The systematic search resulted in 9 records for cognitive
assessment and 15 records for cognitive training, consisting
of experimental studies that were included in Tables 1 and
2. Studies presenting design or development of BCI-based
protocols without reporting experimental data on healthy
controls or clinical populations were considered within the
manuscript, but not reported in the Tables. Other results
concerning NF and BCI studies or reviews have been con-
sidered and reported within introduction and discussion
for enhancing and supporting considerations about the
described results. Actually, to the best of our knowledge, no
other review concerning BCI use for cognitive assessment or
rehabilitation is available.

3. Results and Discussion

3.1. Cognitive Assessment through BCI-Based Systems. The
application of BCI systems in order to develop new neuropsy-
chological assessment tools mainly employed EEG-based
BClIs (see Table 1). These types of BCI are included in nonin-
vasive BClIs; that is, they do not require surgical implantation
to acquire signals; surface EEG is the most widely used non-
invasive technique for BCI studies in neurological patients
[20]. The main EEG-based paradigms detected and used
are sensorimotor rhythms (SMRs), slow cortical potentials
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Salisbury & coll. (2015)

Salisbury & coll. (2016)

EEG (not further
specified)

EEG (not further
specified)

A 25-year-old man with
spinal cord injury

25 participants (18-64
years) with traumatic or
nontraumatic spinal
cord injury

performed within a 3D
Virtual Classroom

Training session with
cube rotation and
manipulation paradigm
presented on a laptop
computer, followed by
BCI trial (Emotive EEG
gaming system)
Training session with
cube rotation and
manipulation paradigm
presented on a laptop
computer, followed by
BCI trial (Emotive EEG
gaming system)
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TaBLE 2: BCI applications to cognitive rehabilitation.
Study (year) Signals/paradigms Sample Method Outcome measures
Frontal (Fpl and Fp2) Mathematics and
and parietal (Pz) EEG English comprehension
Lim & coll. (2010) signals, covering theta, 20 ADHD children questions, with the BCI ADHD Rating Scale-IV
alpha, beta 1, and beta 2 system monitoring
EEG waves attention level
Colour Stroop Task
during Calibration.
. Frontal EEG signals (Fpl . Training game .
Lim & coll. (2012) and Fp2) 20 ADHD children (Cogoland). ADHD Rating Scale-IV
Mathematics and
English worksheet
Colour Stroop Task
. during Calibration. BCI RBANS. Usability and
Lee & coll. (2013) Frontal EEEFSI%?aIS (Fpl 31 healthy elderly system based on a acceptability
p card-pairing memory questionnaire
game
EEG data while
performing the
. Sternberg memory task.
Toppi & coll. (2014) SMRs 2 stroke patients NE training based on 10 Behavioral performance
sessions on SMRs
at the Sternberg task.
Scores at RAVLT and
CBTT
NF training consists in
Gomez-Pilar & coll. imagery motor exercises .
(2014) SMR-EEG 40 healthy elderly combined with memory Luria—AND test
and logical relation tasks
14 neurosurgical patients Individual prestimulus
. : . BCI and standard free
iEEG theta and alpha with electrode fluctuations s
Burke & coll. (2015) o S . recall episodic memory
oscillations medication-resistant used to modulate task
epilepsy memory performance
Repeatable Battery for
Colour Stroop Task the Assessment of
. 39 healthy during Calibration. BCI Neuropsychological
Lee & coll. (2015) Frontal EEG signals (Fpl Chinese-speaking system based on a Status (RBANS).
and Fp2) . s
elderly card-pairing memory Usability and
game acceptability
questionnaire
Two oddball attention
Rohani & 6 healthy young task;,t;[:;%ieotrllnagn\gsual Average error rate in
P300 ERP participants (24-32 e detecting P300 by the
Puthusserypady (2015) discrimination, .
years) classifier

Screening measures
related to cognition,
psychological
disposition and pain

Screening measures
related to cognition,
psychological
disposition and pain
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TaBLE 2: Continued.

Study (year) Signals/paradigms Sample Method Outcome measures
NF training designed for
D training motor imagery
Gomez-Pilar & coll. SMR-EEG 63 healthy elderly that implies ERS/ERD of Luria-AND test
(2016)
alpha and beta frequency
bands in the EEG
SMR and mid-beta 20 children with cerebral BCI-FES group versus Sensorimotor rhythms
Kim & Lee (2016) aves of Fpl and Fn2 als FES COI;gtrolpro (SMR) and middle beta
wav P P palsy group waves (M-beta)
5 stroke patients with Visual P300 speller Bgr{alllts)abslglye)(‘;l:(lial
Kleih & coll. (2016) P300 ERP patte paradigm. TAP to 108
aphasia . : spelling performance
predict spelling success
(accuracy)
rtfMRI approach to train
participants to Average percentage
Rana & coll. (2016) fMRI bold response 8 healthyez(ili)tls d()age > 6l upregulate anterior change in the BOLD
¥ insula during a facial signal and DCCS scores
emotion recognition task
Word ERP responses to
. 20 healthy subjects and 1 6 bisyllabic words Average target and
Musso & coll. (2017) Auditory ERP aphasic stroke patient recorded with an nontarget ERP responses
auditory BCI

EEG: electroencephalogram; SMRs: sensory motor rhythm; iEEG: intracranial EEG; ERP: event-related potentials; SMR: sensorimotor rhythms; FES: functional
electrical stimulation; fMRI: functional magnetic resonance imaging; ADHD: attention-deficit/hyperactivity disorder; ASD: autism spectrum disorder; RBANS:
repeatable battery for the assessment of neuropsychological status; TAP: attention performance test; Luria—AND test: Luria adult neuropsychological diagnosis
(AND) test; DDCS: dimensional change card sort; rtfMRI: real-time fMRI; RAVLT: Rey auditory verbal learning test; CBTT: Corsi block tapping test; NF:

neurofeedback.

(SCPs), event-related potentials (ERPs), and visually evoked
potentials (VEPs).

Iversen et al. [21, 22] aimed at assessing some cognitive
functions in completely paralyzed ALS patients by developing
a SCPs EEG-BCI. In a first study [21], training was applied to
two severely paralyzed ALS patients, during which they could
learn to control certain components of their EEG in order to
direct the movement of a visual symbol on a monitor. Next,
a series of two-choice cognitive task was administered, such
as odd/even number and larger/smaller numbers discrim-
ination. Performance was also assessed using a matching-
to-sample paradigm, which was used to examine the ability
to discriminate numbers, letters, colors, and to perform
simple calculations. In a successive study, Iversen et al. [22]
employed the same SCP-EEG control in order to administrate
a conditional-associative learning task to a late-stage ALS
patient, testing the ability to learn arbitrary associations
among visual stimuli. In both studies, a good level of accuracy
was observed in detecting patients’ performances, according
to a within subjects experimental design. Patients were also
able to understand the verbal instructions and to respond
accordingly in the successive tasks. However, such method
requires an extensive pretraining in order to learn to control
EEG, which can take some weeks; moreover, it cannot be used
for tasks based on recall or where a choice must be made
among more than two stimuli.

Perego and coll. [23] applied a steady state visually
evoked potentials (SSVEP) based BCI system to develop a
psychometric assessment based on a widely used clinical test
(Raven Colored Progressive Matrices (RCPM)). The protocol

has been validated on 19 healthy subjects and compared
to a paper-based administration: results showed congruent
performances obtained with the two methods. A successive
study by the authors [24] tested the SSVEP BCI cognitive
protocol on a sample of patients with physical disabilities due
to different neurological disease and confirmed its reliability
in a clinical population; however, 11 out of 26 participants
were excluded from the protocol according to involuntary
movements and poor cooperation or because they did not
elicit SSVEP response. Westergren et al. [25] applied a SSVEP-
based BCI to develop four cognitive tests based on the
Wechsler Adult Intelligence Scale (WAIS) matrix tests; they
administered the short battery to a group of 11 healthy
subjects, obtaining findings that supported the accuracy and
usability of the developed system. Even if promising, this
protocol should be validated on a clinical population.

Overall, the described approaches present some limita-
tions, such as important rearrangement of the original cog-
nitive tests, possibly producing biased results and extensive
pretraining; furthermore, the adaptation of single cognitive
tests does not match the clinical need for a comprehensive
neuropsychological evaluation.

Differently from other BCIs approaches, P300-based
ones do not require learning of self-regulation of the brain
response and feedback. A possible reduction in training time
represents an important chance in order to extend the use
of Augmented and Alternative Communication (AAC) to
cognitive assessment purposes [26]. On the other side, the
use of P300 requires, as a precondition, an intact visual
system, at least for the visual modality, which has been proved



to be more reliable than the auditory one and preserved
ability to pay attention; this may represent a problem in some
patients. Recently, we presented a new verbal-motor free
neuropsychological battery, by adapting some traditional
neuropsychological tests (i.e., Token Test, Modified Card
Sorting Test (MCST), Raven Colored Progressive Matrices
(RCPM), and d2 Test) to the P300-BCI administration,
according to a reasonable adherence to the original validated
tests [27]. Usability components, relationship to clinical and
psychological variables, and convergent validity of the devel-
oped battery in a sample of ALS patients and healthy controls
were investigated. In ALS patients, the proposed P300-BCI-
based assessment showed a high rate of calibration accuracy,
together with satisfactory levels of usability and sensitivity,
independently from clinical aspects, such as disease progres-
sion (ALFRS-R) and disease onset, or psychological factors
such as anxiety and depression. Even if the described protocol
satisfies the need for a comprehensive evaluation of cognitive
abilities, some issues arise from performing several tests
with BCIL in particular, prolonged time for administration
and cognitive effort could involve fatigue effects and reduce
the reliability of the assessment. This study was included
within an extended project, evaluating P300-BCI use for
neuropsychological assessment with a particular attention
to usability, pleasantness, fatigue, and emotional aspects
[28, 29]. Within such project, preliminary attempts to adapt
another widely used traditional neuropsychological test, that
is, Verbal Fluency, have been performed as a proof of concept
which needs further investigations.

Recently, an hybrid brain-computer interface combining
P300 and SSVEP has been used to detect number processing
and mental calculation in patients with disorder of conscious-
ness (DOC) [30]. Results were obtained on eleven patients:
five of them achieved accuracy rates that were significantly
higher than the chance level and demonstrated preserved
ability to follow commands, in addition to number process-
ing and calculation abilities. However, patients were easily
fatigued, thus leading to insufficient training data, and their
level of object-selective attention was much lower than for
healthy subjects. Moreover, gaze-dependent BCIs can provide
unreliable data in DOC patients, since they often lose their
ability to fixate their gaze; therefore, visual abilities should
be accurately evaluated when employing gaze-dependent
BClISs that should eventually be replaced by gaze-independent
systems.

Then, the field of research about the development of
cognitive tasks based on BCI for patients with motor disabil-
ities is still at dawn and represents a promising area to be
developed.

3.2. Cognitive Training in Neurological Patients and Healthy
Subjects by Means of BCI. BCI has been used to enhance
attention and other cognitive abilities (see Table 2), based on
the principle of neurofeedback (NF) therapy (T). In particu-
lar, a largely employed NFT is that based on surface EEG, as
it is relatively cheap, usable, and portable. EEG-NFT involves
that neural signals can be measured and used to improve
neural functions: patients observe a suitable graphical rep-
resentation of their actual brain activity, usually processed
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through a computer, and learn to self-regulate this activity
in order to bring it to a desired state. This approach has
been used for treating several conditions, including both neu-
rological and psychological disorders, such as attention-
deficit hyperactivity disorder (ADHD), anxiety, epilepsy,
and addictive disorders [31]. Moreover, NF has also been
applied for cognitive enhancement [32-34]. Typically, tasks
involved in NFT are repetitive and standardized and respond
to the need to indicate to participants when they have
reached the required brainwave pattern. Some of results
obtained employing such approach with ADHD patients are
controversial; for example, a recent systematic review and
an experimental study [35] concluded that literature fails to
support any benefit of NF on neurocognitive functioning in
ADHD, possibly due to study limitations. An extensive review
on NF approaches is beyond the scope of this article.

Recently, EEG-BCI systems have been employed in order
to improve cognitive functions in patients with ADHD.
Munoz and colleagues [36] designed and presented a BCI-
based videogame for training sustained attention in ADHD
patients, to be implemented by means of low-cost BCI
systems. However, such system has not been validated in a
clinical population. Lim and colleagues [37, 38] developed a
series of training games, where users’ attentional levels mea-
sured by EEG signals can be used to perform exercise. Such
approach proved to be useful to enhance attention abilities in
children with ADHD, by improving parent-rated inattentive
scores on the ADHD Rating Scale.

Lee and colleagues then modified their training program
in a successive study, introducing a new game with a memory
training component addressing elderly population [39]. The
BClI training was showed to improve both attention and visu-
ospatial and memory components; moreover, usability and
acceptability rates were satisfying for the target population.
The same authors then replicated the study on a sample of
healthy, predominantly Chinese-speaking elderly, in order to
determine the generalizability of the developed system and
training task to a different linguistic population [40]. They
confirmed the BCI training potential in improving cognition
in both English- and Chinese-speaking elderly, showing its
usability and acceptability in the latter population.

Another application of BCI for cognitive enhancement
in the elderly has been developed by Gomez-Pilar and
colleagues [41, 42]. The authors developed a motor-imagery-
based BCI system to perform NF in healthy elderly, which was
realized by means of five different tasks of increasing difficulty
levels. In such tasks, subjects were trained in learning and
practice motor imagery and performing logical and memory
exercises. Feedback consisted of an item moving on the
screen, controlled by motor imagery tasks. Results from cog-
nitive tests and EEG changes showed an improvement after
five sessions. In particular, cognitive changes concerned
visuospatial, language, memory, and conceptual domains.

Such studies are of particular interest, because only few
application of NFT previously addressed cognitive enhance-
ment in the elderly [31, 43, 44].

Pineda et al. [45] also hypothesized that BCI-based NF
using specific EEG frequency bands should induce neu-
roplastic changes of the mirror neuron system in autism
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spectrum disorder (ASD). According to these suggestions,
Friedrich and colleagues [46] developed a BCI game appli-
cation for combined NF and biofeedback treatment of chil-
dren with ASD. The proposed system requires children to
modulate their brain activity and peripheral physiological
activation in social games, with feedback consisting in emo-
tional imitation behavior within social interactions. Such
approach entails the value of maintaining player interest and
realizing ecological situations in order to maximize learning
and transferability to real-life contexts.

Kim & Lee [47] employed a BCI-based functional electri-
cal stimulation (FES) training on children affected by spastic
cerebral palsy, with EEG patterns during concentration used
to trigger FES: FES was applied as patients concentrated
on finger extension, wrist extension, wrist abduction, and
wrist circumduction while holding a wrist bar. SMRs and
middle beta waves (M-beta) were recorded prior and after
the training as outcome measures. Results showed an increase
of such indexes that are associated with logical thinking,
problem solving, and attentiveness to external stimuli, sug-
gesting an effect of the performed training also on nonmotor
functions. Salisbury and colleagues [48] presented a single-
case feasibility study on a patient with spinal cord injury
(SCI), where EEG-BCI was employed for reducing pain and
improving nonmotor functions such as mood and cognition,
as part of inpatient rehabilitation treatment. Even if no data
are presented about the described therapeutic goals, the study
supported the feasibility and tolerability of this approach in
the patient. A successive study on an extended sample of SCI
patients [49] did not show any effect of the BCI training on
measures related to cognition, psychological disposition, and
pain.

Another application of BCI to recovery cognitive func-
tions regards aphasia rehabilitation in stroke patients [50, 51].
Kleih and colleagues [50] supported the feasibility of a P300-
BCI speller communication system with aphasic patients,
after implementation of individualized adaptations and some
training. According to the authors, further application of the
developed approach could involve improvement of neural
plasticity by activating language circuits, promoting aphasia
recovery. Musso and colleagues [51] preliminary investigated
the presence of neuronal markers of auditory attention and
acoustic processing as prerequisite for auditory BCI appli-
cation in a stroke patient and concluded that BCI training
could be feasible for him. Such promising findings should
be supported by further investigations on the target sample,
but could be preliminary to BCI applications for rehabil-
itation of speech production deficits in aphasic patients.
Additionally, also memory functions have been addressed
in stroke patients with BCI-based NF interventions [52].
The authors employed a set of relevant neurophysiological
indexes that revealed sensitive to training intervention out-
comes, therefore useful to be integrated to standard neu-
ropsychological assessment results to evaluate and quantify
the changes induced by the BCI-based cognitive rehabilitative
intervention.

Burke and colleagues [53] used intracranial EEG (iEEG)
in neurosurgical patients to detect theta and alpha oscillations
which correlate with optimal memory encoding, thus using

them to trigger item presentation in a free recall task. This
is the first application of iEEG in a BCI to enhance memory
functions.

Besides EEG, NF studies based on functional magnetic
resonance (MRI) have been shown to produce behavioral
changes in schizophrenia and in substance addiction disor-
ders. Several studies investigated the effect of volitional brain
regulation of specific areas, such as amygdala and anterior
cingulate, on cognition and behavior. Based on this findings,
Rana and colleagues [54] investigated the feasibility of apply-
ing real-time feedback MRI NF in aging research. In a sample
of healthy elderly, they showed that volitionally control of
anterior insula during a facial emotion recognition task is
associated with increased cognitive flexibility, supporting the
efficacy of this approach for cognitive enhancement and
training.

Another interesting field of work concerns the use of
virtual reality as a therapeutic intervention for neuroreha-
bilitation and its integration with BCI systems [55]. An
interesting application of such model is that of Rohani and
Puthusserypady [56], who realized a P300 based VR (virtual
classroom) system for training attention abilities in ADHD
patients. This study is also the first attempt to develop a
BCI system for attention training that is based on P300
potential, according to its direct link to attentional and
voluntary cognitive activity. The developed system, tested in
healthy participants, revealed to be promising, as supported
by usability and motivational aspects.

Overall, the presented studies involve increasing levels
of complexity and sophistication with respect to traditional
NF models: the integration of multidimensional indexes (i.e.,
neuropsychological, neurophysiological, and behavioral), the
realization of engaging and realistic settings for training
of cognitive functions, and the use of innovative BCI sys-
tems.

4. Conclusions

We presented an overview of studies employing different
BCI systems with the aim of realizing cognitive assessment
or rehabilitation protocols. Main measures and procedures
adopted for the described purposes are summarized as
follows. With regard to cognitive assessment, the studies
presented mainly employed ad hoc designed cognitive tasks,
realized according to the characteristics and restrictions of
the BCI paradigm adopted [21, 22, 25, 30]. Cipresso et al.
[28, 29] used a widely known cognitive test, that is, Verbal
Fluency, even if with relevant modifications in administration
and scoring methods with respect to the traditional “paper
and pencil” version, in order to adapt to the BCI system.
Differently, a few authors [23, 24, 27] realized a BCI-based
version of a validated and standardized neuropsychologi-
cal measure of fluid intelligence, that is, the RCPM, with
particular attention at maintaining a reasonable adherence
to the original test. Both authors highlighted convergent
validity of the adapted test with other related paper and pencil
measures. Poletti et al. [27] also realized adaptations of other
traditional validated neuropsychological tests, by extending
the purposes toward the realization of a verbal-motor free



comprehensive neuropsychological battery similar to that
employed in clinical settings.

According to cognitive rehabilitation, the methods seem
more heterogeneous, according both to the different clinical
populations involved (i.e., ADHD, healthy elderly, stroke
patients, and spinal cord injury) and to the specific target
of cognitive interventions (attention, memory, language, and
visuospatial abilities). Typically, cognitive rehabilitation relies
on a set of tasks and procedures that are more flexible and
adaptable than those used for cognitive evaluation purposes,
since it is tailored on patients’ specific needs and residual
capacities. Moreover, the realization of engaging settings
for cognitive training, sometimes involving gaming systems,
entails the realization of more realistic and interactive pro-
tocols that needs to be consistently adopted across several
studies for standardization.

With regard to clinical populations recruited, despite BCI
application for cognitive assessment mainly addressed clin-
ical populations with physical disabilities up to locked-in
conditions (i.e., ALS and MCS), for whom BCI and other
assistive technologies were firstly developed, cognitive reha-
bilitation has been mainly used with target patients of NFT
(ADHD, ASD, and cognitive enhancement in the elderly).
An emerging field of study concerns BCI application for
rehabilitation of language deficit in stroke patients, even if few
and heterogeneous findings have been collected as yet.

An interesting finding arising from the present review
concerns the limited number of studies addressing the use of
BCI for cognitive assessment of patients with physical lim-
itations, despite the clinical and ethical relevance of longitu-
dinal neuropsychological evaluation in neurological disorder,
especially in neurodegenerative conditions. Perhaps, the need
for an expensive equipment and specific competencies in
order to use the system and analyze data is one of the main
obstacles in the use of BCI in clinical settings. At present, a
widely used BCI paradigm is the visual P300 BCI: even if it
requires patients to perform ocular movements and fixation
to some extent, several studies demonstrated that it can be
employed also with ALS patients in the late stage of the
disease where oculomotor abilities are often altered [57, 58].
However, several studies have proposed gaze-independent
P300 or SSVEP-based BCIs for patients with DOC who often
lose the ability to fixate their gaze in order to overwhelm such
clinical and methodological issue [30].

With regard to the use of BCI alongside more tradi-
tional NF applications, feedback visualizations in NFT (and
biofeedback) paradigms range from controlling a simple
bar graph to more complex and realistic visual stimuli. In
typical application of NFT, the feedback is not related to the
specific meaning of the signals being trained or the expected
behavioral outcomes. However, a specific feedback for certain
signals being trained might be more effective in promot-
ing behavioral changes by activating specific brain areas.
Moreover, the level of motivation involved in performing
the task is increased by the sense of agency that the user
perceive, that is, its capacity of making something relevant
happen. For these purposes, the introduction of new ways of
providing feedback and reward within BCI-based NFT, such
as virtual reality environments, appears promising to improve

BioMed Research International

efficacy and transferability of learnings to real-life con-
texts.

Another issue concerning the use of BCI for both cog-
nitive assessment and, more specifically, rehabilitation pur-
poses is that of slow learners, particularly applicable to
older adults [54]. The possibility of integrating expensive
modalities targeting deep brain region, such as fMRI-based
NE with less cost-intensive NF training methods, that is,
EEG, could help in providing a longer training period to
such population. An emerging technology, useful for these
purposes, is represented by real-time fMRI (rtfMRI) [59].
Even if this approach has been poorly investigated with
randomized clinical studies, its potential application in com-
bination with other technologies deserves further considera-
tion.

To conclude, some emerging challenges arise from the
present review and represent possible relevant targets of
future investigation within the field of BCI use for clinical
purposes. In particular:

(1) the possibility of bringing BCI-based training into
patient’s home, by developing low-cost and portable
systems, in order to provide more intensive, effective,
and long-term treatments of cognitive functions;

@

~

in relation to the previous point, the improvement of
usability (simplification of procedures) and customiz-
ability of BClIs to users’ characteristics and cognitive
capacities; in particular, the issue of usability investi-
gation has not been detailed in the present review, but
represents a relevant aspect when dealing with clinical
populations and their families [7];

(3) the investigation about outcomes of BCI-based cog-
nitive interventions, with respect to brain functional
changes and reorganization; in particular, the use of
quantitative measures, such as fMRI and EEG, to be
integrated with behavioral and neuropsychological
findings, will help to better clarify the efficacy and
impact of training protocols, as also suggested by
recent reviews [60, 61];

(4) the improvement in realization of BCI-based neu-
ropsychological tests, to be validated in clinical popu-
lations against gold standard measures; in particular,
such approach should take into consideration the
simplification of procedures for tests’ administration
and a limited number of items composing each test, in
order to reduce cognitive effort and interference in the
detection of patients’ cognitive profiles; according to
these increased usability and reliability components,
several aspects of cognition should be involved in
BCI-based assessment protocols, in order to meet
clinical and ethical needs involved in neurodegenera-
tive disorders.

Opverall, even with some limitations due to technical and
methodological issues, literature on BCI highlights promising
findings in both cognitive assessment and training contexts,
thus promoting innovative BCI-based applications for neu-
rorehabilitation settings and aging research.



BioMed Research International

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this article.

References

(1]

(2]

(3]

[5

(6]

N

(10]

(11]

(12]

(15

(16]

D. de Massari, C. A. Ruf, A. Furdea et al., “Brain communication
in the locked-in state,” Brain, vol. 136, no. 6, pp. 1989-2000, 2013.

M. Marchetti and K. Priftis, “Brain-computer interfaces in amy-
otrophic lateral sclerosis: a metanalysis,” Clinical Neurophysiol-
0gy, vol. 126, no. 6, pp- 1255-1263, 2015.

R. M. Gibson, A. M. Owen, and D. Cruse, “Brain-computer in-
terfaces for patients with disorders of consciousness,” Progress
in Brain Research, vol. 228, pp. 241-291, 2016.

N. Birbaumer, A. Ramos Murguialday, C. Weber, and P. Mon-
toya, “Neurofeedback and Brain-Computer Interface. Clinical
Applications,” International Review of Neurobiology, vol. 86, pp.
107-117, 20009.

U. Chaudhary, N. Birbaumer, and A. Ramos-Murguialday,
“Brain-computer interfaces for communication and rehabilita-
tion,” Nature Reviews Neurology, vol. 12, no. 9, pp. 513525, 2016.

J. J. Daly and J. E. Huggins, “Brain-computer interface: current
and emerging rehabilitation applications,” Archives of Physical
Medicine and Rehabilitation, vol. 96, no. 3, pp. SI1-S7, 2015.

A. Riccio, E. Pichiorri, F. Schettini et al., “Interfacing brain with
computer to improve communication and rehabilitation after
brain damage,” Progress in Brain Research, vol. 228, pp. 357-387,
2016.

L. E. van Dokkum, T. Ward, and I. Laffont, “Brain computer
interfaces for neurorehabilitation—its current status as a reha-
bilitation strategy post-stroke,” Annals of Physical and Rehabili-
tation Medicine, vol. 58, no. 1, pp. 3-8, 2015.

L. H. Goldstein and S. Abrahams, “Changes in cognition and
behaviour in amyotrophic lateral sclerosis: nature of impair-
ment and implications for assessment,” The Lancet Neurology,
vol. 12, no. 4, pp. 368-380, 2013.

S. Abrahams, J. Newton, E. Niven, J. Foley, and T. H. Bak,
“Screening for cognition and behaviour changes in ALS)
Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration,
vol. 15, no. 1-2, pp. 9-14, 2014.

A. Anastasia and S. Urbina, Psychological Testing, Prentice Hall,
Upper Saddle River, NJ, USA, 7th edition, 1997.

C. Seer, S. Fiirkotter, M.-B. Vogts et al., “Executive dysfunctions
and event-related brain potentials in patients with amyotrophic
lateral sclerosis,” Frontiers in Aging Neuroscience, vol. 7, article
225, 2015.

B. Kotchoubey, S. Lang, S. Winter, and N. Birbaumer, “Cognitive
processing in completely paralyzed patients with amyotrophic
lateral sclerosis,” European Journal of Neurology, vol. 10, no. 5,
pp. 551-558, 2003.

N. Neumann and B. Kotchoubey, “Assessment of cognitive func-
tions in severely paralysed and severely brain-damaged patients:
neuropsychological and electrophysiological methods,” Brain
Research Protocols, vol. 14, no. 1, pp. 25-36, 2004.

J. Polich, “Updating P300: an integrative theory of P3a and P3b,”
Clinical Neurophysiology, vol. 118, no. 10, pp. 2128-2148, 2007.

S. A. Sprague, M. T. McBee, and E. W. Sellers, “The effects of
working memory on brain-computer interface performance,”
Clinical Neurophysiology, vol. 127, no. 2, pp. 1331-1341, 2016.

(17]

(18]

(20]

(21]

[22]

(23]

(24

[25

(26]

(27]

(28]

A. Riccio, L. Simione, E Schettini et al., “Attention and P300-
based BCI performance in people with amyotrophic lateral
sclerosis,” Frontiers in Human Neuroscience, vol. 7, article 732,
2013.

L. da Silva-Sauer, L. Valero-Aguayo, A. de la Torre-Luque, R.
Ron-Angevin, and S. Varona-Moya, “Concentration on per-
formance with P300-based BCI systems: a matter of interface
features,” Applied Ergonomics, vol. 52, article 2090, pp. 325-332,
2016.

J. Xie, G. Xu, J. Wang, M. Li, C. Han, and Y. Jia, “Effects of mental
load and fatigue on steady-state evoked potential based brain
computer interface tasks: a comparison of periodic flickering
and motion-reversal based visual attention,” PLoS ONE, vol. 11,
no. 9, Article ID e0163426, 2016.

A. Burns, H. Adelj, and J. A. Buford, “Brain-computer interface
after nervous system injury;,” Neuroscientist, vol. 20, no. 6, pp.
639-651, 2014.

I. H. Iversen, N. Ghanayim, A. Kiibler, N. Neumann, N. Bir-
baumer, and J. Kaiser, “A brain-computer interface tool to
assess cognitive functions in completely paralyzed patients with
amyotrophic lateral sclerosis,” Clinical Neurophysiology, vol. 119,
no. 10, pp. 22142223, 2008.

I. H. Iversen, N. Ghanayim, A. Kiibler, N. Neumann, N. Bir-
baumer, and J. Kaiser, “Conditional associative learning exam-
ined in a paralyzed patient with amyotrophic lateral sclerosis
using brain-computer interface technology, Behavioral and
Brain Functions, vol. 4, article 53, 2008.

P. Perego, A. C. Turconi, G. Andreoni et al., “Cognitive ability
assessment by brain-computer interface validation of a new
assessment method for cognitive abilities,” Journal of Neuro-
science Methods, vol. 201, no. 1, pp. 239-250, 2011.

P. Perego, A. C. Turconi, C. Gagliardi, and G. Andreoni,
“Psychometric evaluation with brain-computer interface,” in
Human-Computer Interaction, ]. A. Jacko, Ed., vol. 6761 of Lec-
ture Notes in Computer Science (including subseries Lecture Notes
in Artificial Intelligence and Lecture Notes in Bioinformatics), pp.
406-413, 2011.

N. Westergren, R. L. Bendtsen, T. W. Kjaer, C. E. Thomsen, S.
Puthusserypady, and H. B. Sorensen, “Steady state visual evoked
potential based brain-computer interface for cognitive assess-
ment,” in Proceedings of the 2016 38th Annual International
Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC ’16), pp. 1508-1511, Orlando, FL, USA, August
2016.

P. Cipresso, L. Carelli, E Solca et al., “The use of P300-based
BClIs in amyotrophic lateral sclerosis: From augmentative and
alternative communication to cognitive assessment,” Brain and
Behavior, vol. 2, no. 4, pp. 479-498, 2012.

B. Poletti, L. Carelli, E. Solca et al., “Cognitive assessment in
Amyotrophic Lateral Sclerosis by means of P300-Brain Com-
puter Interface: a preliminary study;,” Amyotrophic Lateral Scle-
rosis and Frontotemporal Degeneration, vol. 17, no. 7-8, pp. 473-
481, 2016.

P. Cipresso, P. Meriggi, L. Carelli et al., “Brain computer inter-
face and eye-tracking for neuropsychological assessment of
executive functions: a pilot study;” in Proceedings of the 2nd
International Workshop on Computing Paradigms for Mental
Health (MindCare ’12), pp. 79-88, February 2012.

P. Cipresso, P. Meriggi, L. Carelli et al., “Cognitive assessment
of executive functions using brain computer interface and eye-

tracking,” ICST Transactions on Ambient Systems, vol. 13, no.
01-06, p. e4, 2013.



10

[30]

(31]

(32]

(34]

(36]

(37]

(38]

(39]

(42]

Y. Li, J. Pan, Y. He et al., “Detecting number processing and
mental calculation in patients with disorders of consciousness
using a hybrid brain-computer interface system,” BMC Neurol-
ogy, vol. 15, no. 1, article no. 259, 2015.

E. Angelakis, S. Stathopoulou, J. L. Frymiare, D. L. Green, J. E.
Lubar, and J. Kounios, “EEG neurofeedback: a brief overview
and an example of peak alpha frequency training for cognitive
enhancement in the elderly,” The Clinical Neuropsychologist, vol.
21, no. 1, pp. 110-129, 2007.

A. W. Keizer, R. S. Verment, and B. Hommel, “Enhancing cog-
nitive control through neurofeedback: A role of gamma-band
activity in managing episodic retrieval,” NeuroImage, vol. 49, no.
4, pp. 3404-3413, 2010.

D. Vernon, T. Egner, N. Cooper et al., “The effect of training
distinct neurofeedback protocols on aspects of cognitive perfor-
mance,” International Journal of Psychophysiology, vol. 47, no. 1,
pp. 75-85, 2003.

D. J. Vernon, “Can neurofeedback training enhance perfor-
mance? An evaluation of the evidence with implications for
future research,” Applied Psychophysiology Biofeedback, vol. 30,
no. 4, pp. 347-364, 2005.

M. A. Vollebregt, M. Van Dongen-Boomsma, J. K. Buitelaar,
and D. Slaats-Willemse, “Does EEG-neurofeedback improve
neurocognitive functioning in children with attention-deficit/
hyperactivity disorder? A systematic review and a double-
blind placebo-controlled study;” Journal of Child Psychology and
Psychiatry and Allied Disciplines, vol. 55, no. 5, pp. 460-472,
2014.

J. E. Munoz, D. S. Lopez, J. E Lopez, and A. Lopez, “Design
and creation of a BCI videogame to train sustained attention
in children with ADHD)” in Proceedings of the 10th Colombian
Computing Conference (I0CCC ’I5), pp. 194-199, September
2015.

C. G. Lim, T. S. Lee, and C. Guan, “Effectiveness of a brain-
computer interface based program for the treatment of ADHD:
a pilot study,” Psychopharmacol Bull, vol. 43, no. 1, pp. 73-82,
2010.

C.G.Lim, T. S. Lee, C. Guan et al., “A brain-computer interface
based attention training program for treating attention deficit
hyperactivity disorder,” PLoS ONE, vol. 7, no. 10, Article ID
€46692, 2012.

T.-S. Lee, S. J. A. Goh, S. Y. Quek et al, “A brain-computer
interface based cognitive training system for healthy elderly:
a randomized control pilot study for usability and preliminary
efficacy,” PLoS ONE, vol. 8, no. 11, Article ID €79419, 2013.

T.-S. Lee, S. Y. Quek, S. J. A. Goh et al,, “A pilot randomized
controlled trial using EEG-based brain-computer interface
training for a Chinese-speaking group of healthy elderly,
Clinical Interventions in Aging, vol. 10, pp. 217-227, 2015.

J. Gomez-Pilar, R. Corralejo, L. E Nicolas-Alonso, D. Alvarez,
and R. Hornero, “Assessment of neurofeedback training by
means of motor imagery based-BCI for cognitive rehabilita-
tion,” in Proceedings of the Annual International Conference of
the IEEE Engineering in Medicine and Biology Society, vol. 2014,
pp. 3630-3633.

J. Gomez-Pilar, R. Corralejo, L. E Nicolas-Alonso, D. Alvarez,
and R. Hornero, “Neurofeedback training with a motor image-
ry-based BCI: neurocognitive improvements and EEG changes
in the elderly;” Medical and Biological Engineering and Comput-
ing, vol. 54, no. 11, pp- 1655-1666, 2016.

(43]

[44]

[45]

(46

(48]

(54]

BioMed Research International

G. Lecomte and J. Juhel, “The effects of neurofeedback training
on memory performance in elderly subjects,” Psychology, vol. 2,
no. 8, pp. 846-852, 2011.

J. Reis, A. M. Portugal, L. Fernandes et al., “An alpha and theta
intensive and short neurofeedback protocol for healthy aging
working-memory training,” Frontiers in Aging Neuroscience,
vol. 8, article 157, 2016.

J. A. Pineda, A. Juavinett, and M. Datko, “Self-regulation of
brain oscillations as a treatment for aberrant brain connections
in children with autism,” Medical Hypotheses, vol. 79, no. 6, pp.
790-798, 2012.

E. V. Friedrich, N. Suttie, A. Sivanathan, T. Lim, S. Louchart, and
J. A. Pineda, “Brain-computer interface game applications for
combined neurofeedback and biofeedback treatment for chil-
dren on the autism spectrum,” Frontiers in Neuroengineering,
vol. 7, p. 21, 2014.

T.-W. Kim and B.-H. Lee, “Clinical usefulness of brain-
computer interface-controlled functional electrical stimulation
for improving brain activity in children with spastic cerebral
palsy: A pilot randomized controlled trial,” Journal of Physical
Therapy Science, vol. 28, no. 9, pp. 2491-2494, 2016.

D. B. Salisbury, S. Driver, and T. D. Parsons, “Brain-computer
interface targeting non-motor functions after spinal cord
injury: a case report,” Spinal Cord, vol. 53, supplement 1, pp.
$25-526, 2015.

D. B. Salisbury, T. D. Parsons, K. R. Monden, Z. Trost, and S.
J. Driver, “Brain-computer interface for individuals after spinal
cord injury;,” Rehabilitation Psychology, vol. 61, no. 4, pp. 435-
441, 2016.

S. C. Kleih, L. Gottschalt, E. Teichlein, and F. X. Weilbach,
“Toward a P300 based brain-computer interface for aphasia
rehabilitation after stroke: presentation of theoretical consid-
erations and a pilot feasibility study,” Frontiers in Human
Neuroscience, vol. 10, p. 547, 2016.

M. Musso, A. Bamdadian, S. Denzer, R. Umarova, D. Hiibner,
and M. Tangermann, “A novel BCI based rehabilitation ap-
proach for aphasia rehabilitation,” in Proceedings of the 6th
International Brain-Computer Interface Meeting, Asilomar Con-
ference Center, Pacific Grove, Calif., USA, May-June 2016.

J. Toppi, D. Mattia, A. Anzolin et al., “Time varying effective
connectivity for describing brain network changes induced by a
memory rehabilitation treatment,” in Proceedings of the Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society, vol. 2014, pp. 6786-92014.

J. E. Burke, M. B. Merkow, J. Jacobs, M. J. Kahana, and K. A.
Zaghloul, “Brain computer interface to enhance episodic mem-

ory in human participants,” Frontiers in Human Neuroscience,
vol. 8, article 1055, pp. 1-10, 2015.

M. Rana, A. Q. Varan, A. Davoudi, R. A. Cohen, R. Sitaram, and
N. C. Ebner, “Real-time fMRI in neuroscience research and its
use in studying the aging brain,” Frontiers in Aging Neuroscience,
vol. 8, article 239, 2016.

W.-P. Teo, M. Muthalib, S. Yamin et al., “Does a combination of
virtual reality, neuromodulation and neuroimaging provide a
comprehensive platform for neurorehabilitation?—A narrative
review of the literature,” Frontiers in Human Neuroscience, vol.
10, article 284, 2016.

D. A. Rohani and S. Puthusserypady, “BCI inside a virtual
reality classroom: a potential training tool for attention,” EPJ
Nonlinear Biomedical Physics, vol. 3, no. 1, p. 12, 2015.



BioMed Research International

[57] A. Kiubler and N. Birbaumer, “Brain-computer interfaces and
communication in paralysis: extinction of goal directed think-
ing in completely paralysed patients?” Clinical Neurophysiology,
vol. 119, no. 11, pp. 2658-2666, 2008.

[58] C. Donaghy, M. J. Thurtell, E. P. Pioro, J. M. Gibson, and R. J.
Leigh, “Eye movements in amyotrophic lateral sclerosis and its
mimics: a review with illustrative cases,” Journal of Neurology,
Neurosurgery and Psychiatry, vol. 82, no. 1, pp. 110-116, 2011.

[59] L. E. Stoeckel, K. A. Garrison, and S. Ghosh, “Optimizing real
time fMRI neurofeedback for therapeutic discovery and devel-
opment,” Neurolmage Clinical, vol. 10, no. 5, pp. 245-255, 2014.

[60] M. Ordikhani-Seyedlar, M. A. Lebedev, H. B. D. Sorensen,
and S. Puthusserypady, “Neurofeedback therapy for enhancing
visual attention: state-of-the-art and challenges,” Frontiers in
Neuroscience, vol. 10, article 352, 2016.

Y. Jiang, R. Abiri, and X. Zhao, “Tuning up the old brain with
new tricks: attention training via neurofeedback;” Frontiers in
Aging Neuroscience, vol. 9, no. 52, 2017.

[61

1



